Understanding the mechanism by which a polypeptide chain thread itself spontaneously to attain a knotted conformation has been a major challenge in the field of protein folding. HP0242 is a homodimeric protein from Helicobacter pylori with intertwined helices to form a unique pseudo-knotted folding topology. A tandem HP0242 repeat has been constructed to become the first engineered trefoil-knotted protein. Its small size renders it a model system for computational analyses to examine its folding and knotting pathways. Here we report a multi-parametric study on the folding stability and kinetics of a library of HP0242 variants, including the trefoil-knotted tandem HP0242 repeat, using far-UV circular dichroism and fluorescence spectroscopy. Equilibrium chemical denaturation of HP0242 variants shows the presence of highly populated dimeric and structurally heterogeneous folding intermediates. Such equilibrium folding intermediates retain significant amount of helical structures except those at the N-and C-terminal regions in the native structure. Stopped-flow fluorescence measurements of HP0242 variants show that spontaneous refolding into knotted structures can be achieved within seconds, which is several orders of magnitude faster than previously observed for other knotted proteins. Nevertheless, the complex chevron plots indicate that HP0242 variants are prone to misfold into kinetic traps, leading to severely rolled-over refolding arms. The experimental observations are in general agreement with the previously reported molecular dynamics simulations. Based on our results, kinetic folding pathways are proposed to qualitatively describe the complex folding processes of HP0242 variants.
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(HP0243), which is a ferritin-like protein involving in iron storage and heme metabolism. It was therefore postulated to be associated with iron metabolism [28] .
The crystal structure of HP0242 has been determined independently by two structural genomics initiatives (PDB ID: 2BO3 and 4U12) [29] . HP0242 homodimerises through leucine-zipper mediated hydrophobic interactions between the two long helices H2 while helices H1 and H4 intertwine to form a pseudoknot around the only tryptophan residue, W18. While most of its surface is highly negatively charged, the knotting region is positively charged at neutral pH values ( Figure 1 ). Therefore, folding stability of the local structure may be pH-sensitive. Note that HP0242 further assembles into a higher order tertiary structure in the crystalline state by forming a dimer of dimers through electrostatic interactions between the homodimers. In solution, however, HP0242 exists predominantly as homodimers with only a small fraction existing as tetramers, as demonstrated by analytical ultracentrifugation [28] .
The unique folding topology was recognized by the SCOP (structural classification of proteins) database [30] as an HP0242-like fold of its own right. Yeates and coworkers have recently constructed an engineered tandem HP0242 variant by introducing a covalent linkage between the C-terminus of one monomer to the Nterminus of the other monomer, which represents the first example of an engineered protein knot (Figure 1 ) [31] . Using structure-based coarse-grain simulations, two recent studies independently showed that tandem HP0242 exhibits multiple folding intermediates en route to the natively knotted conformation and that these folding intermediates correspond to structures that contain either slip-knots or wrong chirality [25, 27] . Here we report the use of a multi-parametric approach to examine in detail the folding equilibria and kinetics of HP0242 and its variants. Using site-directed mutagenesis, we demonstrate that HP0242 unfolds in two stages during which the first helix (H1) and part of the last helix (H4) unfold first followed by dissociation of the two monomers. Our results further indicate that the folding pathway of HP0242 involves the formation of multiple non-productive, misfolded intermediates that exist in equilibrium with the productive folding intermediate, which is separated from the denatured state by a much higher kinetic barrier such that conformational rearrangements between different intermediate states are required before successful refolding into native conformations. These detailed experimental observations are consistent with previously reported models [25, 27] .
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Material and Methods
Preparation of recombinant HP0242 variants
The DNA sequence encoding the open reading frame of HP0242 has been cloned into a pET30a vector as described previously [29] . Site-directed mutagenesis of F57W, F57W/W18F and F60W/W18F were generated by PCR. The expression and purification of recombinant HP0242 variants, namely wt, F57W, F57W/W18F and F60W/W18F, were carried out following the protocol as described previously [28] .
Briefly, recombinant HP0242 variants were expressed in BL21 (DE3) E. coli strain and purified by Ni-NTA resin (GE health care, U.S.A) followed by Factor-X (Novagen) cleavage of the N-terminal fusion tag and finally by size-exclusion chromatography (Superdex 75 26/60, GE health care, U.S.A). The purity was assessed by SDS-PAGE and was estimated to be higher than 95% by visual inspection. For tandem HP0242, the DNA sequence encoding for the open reading frame of the 2ouf-fold [30] was synthesized (GenScript, USA) and subcloned into a modified pET-z2 vector between NcoI and KpnI sites, resulting a fusion with an Histag at the N-terminus followed by a z2-domain fusion tag, a TEV protease cleavage site and the MJ0366 reading frame. The plasmid was transformed into the BL21(DE3) E. coli strain. Purification of tandem HP0242 follows the same procedure as that for wt except that the use of Factor-X for tag removal was replaced by TEV protease.
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Analytical size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS)
The oligomeric state of HP0242 was determined by SEC/MASL using a Wyatt Dawn Heleos II multiangle light scattering detector (Wyatt Technology) coupled to an AKTA Purifier UPC10 FPLC protein purification system using a Superdex 75 5/150 GL size-exclusion column (GE Healthcare) [18, 32] . Ten microlitres of HP0242 (2 mg/ml) in the absence or presence of 4M GdnHCl a buffer containing 10 mM sodium phosphate (pH 6.5) were used for SEC-MALS analyses. BSA (2mg/mL) was used as a standard to calibrate the system. The absolute molecular weight of the observed elution peak was determined by combining the multiangle static light scattering profiles with the corresponding refractive index determined by a refractometer (Wyatt Optilab rEX, connected downstream of the LS detector). A standard value of refractive index, dn/dc = 0.185 mL/g, was used for proteins and the buffer viscosity ! = 1.0257 cP at 25 ºC was calculated using SEDNTERP [32] . The value of reference refractive index, 1.3458 RIU, was taken directly from the measurement of the Wyatt Optilab rEX when buffer only passing through the reference cell. The viscosity and reference refractive index of buffer containing 4 M GdnHCl were derived and applied by the same ways.
Intrinsic fluorescence spectroscopy
The intrinsic fluorescence of HP0242 was monitored by exciting the samples at 260 nm and recording the emission spectra between 300 and 450 nm using a temperature-controlled fluorimeter (FP8500, Jasco, Japan). For equilibrium unfolding of HP0242 variants by GdnHCl, 41 aliquots of protein solution were prepared containing a gradient of GdnHCl (0-8M) concentrations with a linear increment step of 2.5 %. A two-channel liquid dispenser (Hamilton, USA) was used to generate the ! *! 41-point denaturant gradient to minimize pipetting errors. The fluorescence anisotropy of HP0242 variants as a function GdnHCl concentration was determined by using the same fluorimeter equipped with two linear polarizing filters to generate polarized excitation light that is vertical or horizontal to the polarizer, and to record polarized emission light that is vertical or horizontal to the polarizer.
Far-UV CD spectroscopy
Protein stock solution was diluted to 10-15 µM and 300 µL in volume for CD measurements using a quartz cuvette with a path-length of 0.1 cm (Hellma, Germany). The far-UV CD spectra were recorded between 200 and 260 nm using a CD spectrometer (J-815, JASCO, Japan). The samples were temperature-controlled at 25 ºC and the data were collected with a bandwidth of 1 nm, a data interval of 0.5 nm, and an averaging time of one second. The molar ellipticity (deg!cm 2 !dmol -1 ) was calculated by using the following equation:
where " is the CD signal in the unit of millidegree, C the molar concentration in M, l the cell pathlength in cm, and n the number of amino acid.
ANS fluorescence spectroscopy
To probe the presence of molten globule that contains clusters of hydrophobic patches of partially unfolded protein structures, 8-Anilinonaphthalene-1-sulfonic acid (ANS) was added to the protein solution at a final concentration of 93 µM in the presence of 11.25 µM HP0242 variants, which yielded a dye to protein ratio of 9:1.
Analysis of equilibrium unfolding data
All equilibrium unfolding data were subjected to singular value decomposition (SVD) analysis using MATLAB (MATLAB and Statistics Toolbox Release 2012b, The MathWorks, U.S.A.) to determine the number of states associated with the ! "+! equilibrium unfolding. The titration series were used to generate an m x n matrix, M, as inputs for SVD analysis, of which m corresponds to the number of recorded wavelengths and n corresponds to the number of titration points, i.e., 41 denaturant concentrations. After SVD, a m x m unitary rotation matrix U r , a n x n unitary rotation matrix V r and a m x n diagonal singular value matrix S could be obtained to reconstruct the input matrix M as follows M = U r S V r * where U r corresponds to the basis function of the observed spectral patterns, and V r corresponds to the basis coefficient, i.e., changes of individual SVD components, as a function of denaturant concentration. To assess the number of significant components that is necessary for reconstructing the input matrix, the normalized correlation coefficients of individual singular values were calculated and a minimum threshold of 0.8 was used for filtering. Importantly, the SVD algorithm will identify the number of distinct spectra. If two or more states have very similar spectra it may not necessarily identify them as separate states, which is the case for dome of the datasets ( Figure 3 ).
All equilibrium unfolding data were subjected to a two-state or three-state equilibrium-unfolding model as described in ref [16] depending on the number of significant SVD components. During the fitting, The folding kinetics of HP0242 variants was monitored by using a stopped-flow spectrometer in fluorescence detection mode (SX18 stopped-flow spectrometer, Applied Photophysics, UK) as described previously [34] . Changes in total fluorescence were monitored using an excitation wavelength of 280 nm with a 320 nm cut-off filter. All experiments were carried out at 298K. HP0242 variants (the protein concentration was 20 µM unless specified otherwise) were buffered in 10 mM sodium phosphate (pH 4.8 or pH 6.5), or 50 mM Tris-HCl (pH 8.0) with or without 8M
GdnHCl for unfolding or refolding measurements, respectively. For single-jump kinetic measurements, the folding reactions were triggered by rapidly mixing the folding or unfolding buffer to protein solution with an asymmetric mixing ratio of 10:1.
After the 11-fold dilution, the final protein concentration was 1.8 "M. For double-jump kinetic measurements, three different modes were employed, namely, interrupted refolding, interrupted unfolding or sequential refolding kinetic measurement. For all kinetic analyses, the observed reaction rates were extracted by fitting the kinetic traces to a single, double or triple exponential function with an offset using the software package GraphPad Prism (GraphPad Software, USA). The choice of model, i.e., number of kinetic phases, was decided using the F-test statistics by Prism.
Chevron plot analysis
The observed reaction rates in the stopped-flow fluorescence measurements were fit to a simple two-state folding model or an off-pathway three-state folding model to extract the associated kinetic and thermodynamic parameters. For the two-state model, the observed reaction rates, k obs , with a linear refolding arm and a linear unfolding arm, was fit to the following equation [34] : unfolding, R is the gas constant and T is the sample temperature, which is 298 K.
Theses parameters are subsequently used to calculate the free energy of unfolding associated with this reaction is follows:
For a chevron plot with a strongly rolled-over refolding arm, the observed reaction rates, k obs , were fit to the following three-state folding model with an off-pathway folding intermediate [35, 36, 37] :
where K is the equilibrium constant between the denatured and intermediate states.
Results
Equilibrium unfolding of HP0242 variants
Equilibrium unfolding of wt and tandem HP0242 has been characterised by intrinsic fluorescence and far-UV CD spectroscopy by Yeates and co-workers [31] . Both variants were found to exhibit two distinct transitions during GdnHCl-induced variants, additional mutants were generated for multi-parametric analyses.
We first created a double-tryptophan variant of HP0242 by introducing a phenylalanine-to-tryptophan mutation of at position 57 (F57W), which is located on the opposite side of the three-dimension (3D) structure of HP0242 to monitor tertiary structural changes in this part of the structure by intrinsic fluorescence ( Figure 1 ).
We subsequently replaced the endogenous tryptophan at position 18 with a phenylalanine (W18F) in addition to the F57W mutation to generate a singletryptophan double mutant, F57W/W18F; a similar double mutant, F60W/W18F, was generated by introducing a different phenylalanine-to-tryptophan mutation at position 60 (F60W) in addition to the W18F mutation. Together with wt and tandem HP0242, we have in total five variants for spectroscopic characterisations.
Consistent with the previously reported data, intrinsic fluorescence showed that wt and tandem HP0242 exhibit a single transition at ca. 2 M GdnHCl during equilibrium unfolding ( Figure 3 and Table 1 Table 1 ).
The result indicates that further unfolding around the additional tryptophan side-chain at position 57 is associated with the I-D transition. Indeed, F57W/W18F exhibited significant fluorescence changes between 3 and 6 M GdnHCl, which were also protein concentration-dependent; the fluorescence-derived transition points followed a similar trend as those derived from far-UV CD although their values were consistently smaller ( Figure 4 and Table 1 ). Unlike the endogenous W18, however, derived from a more sophisticated SVD analyses ( Figure 5 and Table 3 ).
As the folding intermediates are dimeric, except for tandem HP0242, the three-state model equilibrium-unfolding model [16] , which assumed a unimolecular ! "#! 
Global fitting of the protein concentration-dependent equilibrium unfolding dataset, however, requires well-defined baselines, which can be difficult for most of the current datasets. The fitting results hence showed significantly larger deviations, particularly for F57W/W18F and F60W/W18F (Table 3 and Supporting Information Figure 1 ). In contrast, the fitting results of wt derived from far-UV CD are of excellent quality. Despite the uncertainties in those tryptophan variants of HP0242, the fitting results indicate that the dimeric intermediate is highly stable for all HP0242 variants.
In the case of wt, the free energy of unfolding an intermediate dimer,
8 kcal mol -1 , which is almost twice as high as the free energy of unfolding a native dimer into an intermediate dimer, (Table 3) form an authentic trefoil protein knot, contributes substantially to its folding stability.
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Folding kinetics of HP0242 variants
Single-jump stopped-flow fluorescence analysis
To delineate the kinetic folding pathways of HP0242 variants, we first carried out single-jump stopped-flow fluorescence measurements of all HP0242 variants. In line with previous findings [30] , we observed multiple refolding kinetic phases for both wt and tandem HP0242 with a strong rollover effect. Additionally, we observed the third refolding kinetic phase for wt and the amplitude of which is about 15% of that of the major kinetic phase (red crosses in the first column of Figure 6 ). In the presence of intermediate denaturant concentrations (1.5-3M GdnHCl), the rates associated with the third kinetic phase can be superimposed with the fastest refolding kinetic phase when refolded from intermediate state, suggesting that these two kinetic phases correspond to the same refolding pathway (green crosses in the first column of Figure 6 ). In the case of tandem HP0242, we observed two refolding arms when refolded from denatured and intermediates, but only of one of which could be superimposed (last column in Figure 6 ).
Furthermore, when refolded from denatured state, the faster refolding arms dominated over the slower one with the associated amplitudes being more than 10-fold of that of the slower kinetic phase. In contrast, when refolding was initiated from observation is very similar to the folding kinetics of a PDZ domain, which also exhibits a very strongly rolled-over refolding arm that has been unambiguously established to be associated with the formation of a misfolded intermediate [38] .
Although the folding pathways of wt and tandem HP0242 are very complex, rendering it difficult to assign individual kinetic phases to specific steps of the folding pathways, we tentatively associate the fast and linear refolding arm derived from intermediate-to-native refolding (green cross in Figure 6 ) with the unfolding arm
(filled and open blue circles for wt and tandem, respectively) to fit to a two-state folding model to extract the kinetic and thermodynamic parameters (Table 4 ) in order to compare with those derived from equilibrium unfolding (Tables 1 and 3 The analyses of the rolled-over refolding arms of HP0242 variants using a three-state folding model with a misfolded, off-pathway intermediate did not
converge with the exception for the m-value of the unfolding arms. In the case of wt, the unfolding arm of the three-state analysis was the same as the two-state analysis and hence the m-value is essentially the same. For tandem HP0242, the slower unfolding arm (filled blue circles, last column of Figure 6 ) was linked with middle refolding arm (filled red triangle and open green diamond, last column of Figure 6 ).
The resulting m-value of the unfolding arm is effectively the same as the faster one (0.42 versus 0.41±0.08). Furthermore, the amplitudes associated with the two unfolding arms are virtually the same and the sum of which is similar to that of wt.
The same m-values of the two unfolding arms therefore suggest the presence of parallel folding pathways, which require additional kinetic experiments to establish (see next section).
We next examined the folding kinetics of F57W/W18F and F60W/W18F. Both variants yielded similar results as that of tandem HP0242, but the lack of tryptophan side-chain at position 18 rendered it impossible to observe significant spectral changes when refolding was initiated from intermediate states (middle columns in Figure 6 ). In terms of amplitude analysis, however, the refolding arms of F57W/W18F were similar in amplitude while those of F60W/W18F differed ! ##! substantially: the amplitudes of the faster refolding arm were approximately twice as large as those of the slower refolding arm. Both double mutants exhibited strongly rolled-over refolding arms similar to those of wt and tandem HP0242 when refolded from denatured states, but the extent of the rolled-over was much more pronounced, which is a clear indicator of misfolded, off-pathway folding intermediate [38] . The chevron plot of F57W/W18F was also subjected to data fitting using a three-state offpathway model. The only converging parameter was the m-value associated with the linear unfolding arm (m u =0.42±0.01), which is within uncertainty the same as those of wt and tandem HP0242. This is suggesting that all HP0242 variants are prone to form misfolded, non-productive folding intermediates, which could involve a parallel reaction scheme, and that the misfolded conformation encompasses structural elements beyond the knotted region, which involves the endogenous tryptophan, W18. Direct comparison between the double mutants, wt and tandem repeat should be made with caution as the native states of both double mutants are substantially destabilised with respect to the intermediates (Figure 3 ).
Comparing the folding kinetics of wt in different pH values showed that the unfolding kinetics was significantly accelerated at pH 8.0 compared to that at pH 6.5 ( Figure 7 ). Unfolding kinetics could not be accurately determined at pH 5.0 due to increased aggregation propensity. The observed refolding rates of the productive refolding arm associated with the I-N refolding were slightly faster at pH 8.0 compared to those observed at pH 6.5 and were about 10-fold faster than those observed at pH 5.0. When initiated from denatured states, the productive refolding arm could only be observed at pH 6.5 while the corresponding refolding arm became strongly rolled-over and was not detectable at pH 5.0 ( Figure 7) . Furthermore, the amplitudes associated with the major refolding arm of the D-N refolding were ! #$! significantly larger at pH 8.0 compared to those at pH 5.0, while those at pH 6.5 were in between the two extremes. The strong pH-dependence may be associated with the charge distribution of the native structure of HP0242, which exhibits significant positively charged surface around the knotted region (Figure 1 ).
Double-jump stopped-flow fluorescence analysis
In order to further characterize the folding kinetics of HP0242 variants, we carried out This folding pathway appears to be a kinetically more favorable one since the initial populations at short aging times are markedly higher than the other two species that exhibits a much faster refolding rate (ca. 100 s -1 , filled blue circle). These two kinetic Figure 6 ).
In the case of tandem HP0242, however, the productive refolding phase was not observed when refolding was initiated from the denatured state. Instead, two strongly rolled-over refolding arms were observed while the amplitude of the slower one was almost negligible (Figure 6 ). The productive refolding phase of tandem HP0242 was only observed when refolding was initiated from the intermediate state and its population (amplitude) was about the same as that of the faster rollover kinetic phase ( Figure 6 ). One explanation for the lack of productive, linear arm in the single jump refolding of tandem HP0242 is that the fluorescence associated with this reaction is too weak to be detected in comparison with those of the two rollover phases. However, an alternative explanation may be that the kinetic folding pathway of tandem HP0242 is different from that of wt. Indeed, tandem HP0242 exhibits an additional linear unfolding arm that is approximately one order of magnitude faster than that of the common unfolding arm shared between wt and tandem HP0242
( Figures 6, 8 and 9 ). We therefore propose the second model in which the misfolded populations are on-pathway kinetic intermediates and the folding step from the misfolded conformation into the correctly folded one is the rate-limiting step ( Figure   10 ). The misfolded folded intermediates may correspond to wrongly knotted populations that require back-tracking to overcome the kinetic traps as observed in the simulations [25] . folding routes were identified to branch from the second substate, which has a Qvalue of ca. 0.5, after the formation of the transition state [25, 27] . Furthermore, it was found that protein knots were mostly formed after the completion of the transition state although some knotting events were also identified in the early stage of the folding process [25] . While the simulations by Sulkowska et al. indicated that the folding of tandem HP0242 and an unknotted but disulfide-linked HP0242 variant is two-state, unlike the more complex free energy landscape reported by Li et al., [27] , they indeed observed rollover refolding arms for both HP0242 variants as a function of simulation temperature, rather than chemical denaturant [25] . While the observed folding events could be fit to double exponentials, the authors suggested that a compressed exponential fit, i.e., 
Conclusion
In this study, we systematically characterized the folding equilibria and kinetics of HP0242 variants using a variety of spectroscopic tools. By constructing a number of single-and double-tryptophan HP0242 variants, we show that the highly populated folding intermediates under equilibrium conditions contain a significant amount of residual structure that mostly encompasses helixes H2, H3 and H4 that are distant from the knotted region, and that the intermediate is dimeric and heterogeneous.
Indeed, simulation analyses suggest that dimerisation of H2 upon hydrophobic collapse is rapid and precedes knot formation [25, 27] . [14] , YbeA [15] , MJ0366 [18] , UCH-L1 [16] and UCH-L3 [17] , possibility due to the all %-helical structural content. Nevertheless, the complex rollover refolding kinetics has not been reported for other knotted proteins. Further experimental analyses are required to piece out the contributions of substates along the complex folding pathways in order to verify the proposed folding pathways based on the atomistic simulations [25, 27] . Figure 6 .
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